endotoxemia and LPS-induced acute lung injury, respectively. These results demonstrate a role for the β 2 -adrenergic receptor in promoting the M2 macrophage phenotype.
Introduction
Macrophages are a critical cell type for regulating inflammation. Activated macrophages can be broadly categorized into M1 or M2 phenotypes based on their phenotype and function. The M1 phenotype is elicited by the activation of macrophages with interferon (IFN)-γ or microbial products [e.g. lipopolysaccharide (LPS)], as well as other agonists. M1 macrophages are generally characterized by a high production of proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin (IL)-12, and inflammatory chemokines, and they are important activators of Th1 type immune responses. M1 macrophages also produce high levels of antimicrobial reactive oxygen species and nitrogen intermediates [for reviews, see [1] [2] [3] .
M2 macrophages are an assorted collection of macrophage phenotypes that have been categorized as 'not classically activated M1' [4] . M2 macrophages can be elicited by exposure to IL-4, IL-13, or IL-10, as well as glucocorticoids [4] . In general, M2 macrophages share a phenotype that is characterized by a low production of proin-flammatory cytokines/chemokines, the high expression of growth factors, and the promotion of Th2-type immune responses [4, 5] . M2 macrophages express high levels of arginase-1 which competes with inducible nitric oxide synthase (iNOS) for the same substrate, L -arginine [6, 7] . iNOS-mediated synthesis of NO from L -arginine is a well-described pathway for inflammatory (M1) macrophages [8] . The alternative arginine pathway, mediated by arginase-1, orients L -arginine conversion towards ornithine, proline, and polyamine and hence towards the promotion of cell growth and/or fibrosis [9] . Thus, the high expression of iNOS and arginase-1 helps to define M1 and M2 macrophages, respectively.
M2 macrophages have been categorized further into two phenotypes with both common and distinct characteristics [reviewed in 1 ]. Alternatively activated macrophages (designated the M2a phenotype by some groups) [10] are elicited by exposure to IL-4 and IL-13 and can be identified by specific surface markers (e.g. mannose receptor) or products [e.g. resistin-like alpha (Retnla/FIZZ) or chitinase 3-like 3 (Ym1)] [10, 11] . Regulatory macrophages are generated by the activation of Fc gamma receptors (M2b designation) [12] or by exposure to glucocorticoids or IL-10 (M2c designation). Regulatory macrophages are distinct from alternatively activated macrophages because of their robust production of IL-10 and the lack of specific markers of alternatively activated macrophages, even though they similarly promote Th2 type immune responses. Therefore, M2 macrophages can be classified into distinct groups with etiological and functional differences.
Mediators of the neuroendocrine system (e.g. catecholamines) have been shown to modify inflammatory responses. On a cellular level, adrenergic receptors can modify TLR-activated cytokine production by macrophages. In general, β-adrenergic receptor agonists have been demonstrated to reduce inflammatory cytokine production in vitro [13] [14] [15] [16] . In addition, adrenergic receptors modulate inflammation in vivo. Specifically, we have previously demonstrated that the activation of β 2 -adrenergic receptors by synthetic agents (albuterol or formoterol) reduced the presence of inflammatory cytokines in bronchoalveolar lavage fluid (BALF) during experimental acute lung injury (ALI) [15] . This evidence led us to hypothesize that activation of the β 2 -adrenergic receptor on macrophages not only inhibits the M1 macrophage phenotype but also promotes the M2 macrophage phenotype.
In this report, we demonstrate that catecholamines promote the M2 macrophage phenotype through the β 2 -adrenergic receptor. While LPS-activated macrophages had a strong M1 phenotype, the copresence of LPS and catecholamines resulted in an anti-inflammatory M2 macrophage phenotype compared to LPS treatment alone. M2 macrophages induced by the copresence of LPS and catecholamines were of the regulatory macrophage phenotype (M2b/c). In vivo, blockade of the β 2 -adrenergic receptor during endotoxemia resulted in increased mortality, demonstrating a protective role for catecholamines in this model. Furthermore, the adoptive transfer of relatively few LPS/catecholamine-cotreated macrophages was protective during lethal endotoxemia. During LPS-induced ALI, blockade of the β 2 -adrenergic receptor resulted in increased inflammatory cytokine production, polymorphonuclear neutrophil infiltration, and exacerbated injury. Taken together, these results demonstrate a role for β 2 -adrenergic receptor activation by catecholamines in promoting the M2 regulatory macrophage phenotype.
Materials and Methods

Animals
All procedures were performed in accordance with US National Institutes of Health guidelines and were approved by the University of Michigan Committee for the Use and Care of Animals. Male age-matched C57BL/6, BALB/c, or DO11.10 (BALB/c background) mice were purchased from Jackson Laboratories (Bar Harbor, Me., USA). All experiments were performed on C57BL/6 mice unless otherwise stated. All animals were housed under specific pathogen-free conditions with free access to food and water.
Materials
Epinephrine, norepinephrine, ICI 118,551 (all from Sigma, St. Louis, Mo., USA), 2′5 ′ -dideoxyadenosine (2′5 ′ -DDA; Santa Cruz Biotechnology, Santa Cruz, Calif., USA), SQ22536 (Santa Cruz Biotechnology), PKA inhibitor 14-22 amide (EMD Millipore, Billerica, Mass., USA), and wortmannin (Santa Cruz Biotechnology) were all used at the concentrations listed in the legends to figures 1-5 . LPS ( Escherichia coli o111:B4) was purchased from Sigma. α 1 -(prazosin; Sigma), α 2 -(RX821002; Tocris, Bristol, UK), β 1 -(betaxolol; Sigma), and β 3 -(SR59230A; Sigma) adrenergic receptor antagonists were also used in this studies. The optimal concentrations for these reagents were determined in preliminary experiments (data not shown). AlexaFluor 647 anti-mouse CD206 was from BioLegend (San Diego, Calif., USA).
Peritoneal Macrophages
Peritoneal macrophages were elicited by intraperitoneal (i.p.) injection of 1.5 ml of 2.4% thioglycollate (Life Technologies, Grand Island, N.Y., USA). Macrophages were harvested 4 days later via i.p. instillation and retraction of 8 ml sterile ice-cold PBS. Cells were purified by adherence and cultured in RPMI media (Life Technologies) supplemented with 0.1% BSA (Sigma). In vitro experiments were performed in triplicate for ≥ 2 independent experiments, and representative results are shown.
RNA Isolation and RT-PCR
RNA was isolated using TRIzol reagent (Sigma) and treated with DNAse (Life Technologies) to remove any contaminating genomic DNA. cDNA was generated (oligo dT primers) and RT-PCR (SYBR) was performed using reagents from Life Technologies on a 7500 Real-Time PCR System (Applied Biosystems, Foster City, Calif., USA). Results were analyzed via the 2 -ddCt method for relative quantitation and normalized to GAPDH. The primers (Life Technologies) used for amplification were as follows: GAPDH, 5 ′ CTTCAACAGCAACTCCCACTCTTCC 3 ′ (forward) and 5 ′ GGTGGTCCAGGGTTTCTTACTCC 3 ′ (reverse); IL-10, 5 ′ CCAGTTTTACCTGGTAGAAGTGATGCC 3 ′ (forward) and 5 ′ GTCTAGGTCCTGGAGTCCAGCAGAC 3 ′ (reverse); arginase-1, 5 ′ ATGGAAGAGACCTTCAGCTACC TGC 3 ′ (forward) and 5 ′ GCTGTCTTCCCAAGAGTTGGG 3 ′ (reverse); iNOS, 5 ′ ACATCGACCCGTCCACAGTAT 3 ′ (forward) and 5 ′ CAGAGGGGTAGGCTTGTCTCTGG 3 ′ (reverse); FIZZ, 5 ′ TCCAGCTAACTATCCCTCCACTGT 3 ′ (forward) and 5 ′ GGCCCATCTGTTCATAGTCTTGA 3 ′ (reverse); YM1, 5 ′ GGGCATACCTTTATCCTGAGTGACC 3 ′ (forward) and 5 ′ CCACTGAAGTCATCCATGTCCAGG 3 ′ (reverse).
Enzyme-Linked Immunosorbent Assays
Cytokine/chemokine enzyme-linked immunosorbent assays (ELISAs) were from R&D Systems (Minneapolis, Minn., USA) and mouse albumin ELISAs were from Bethyl Laboratories (Montgomery, Tex., USA). ELISAs were performed as per the manufacturer's recommendations. in DO11.10 transgenic lymphocyte/macrophage culture supernatants. Macrophages were incubated in the presence or absence of LPS (100 ng/ml) and/or epinephrine (1 μ M ) for 1 h. Cells were washed, and 150 μg/ml ovalbumin was added for 30 min. Then, peripheral lymph node lymphocytes were added, and cell-free culture supernatants were harvested after 84 h. Levels of cytokines were determined by ELISA. MFI = Mean fluorescence intensity; Neg. Ctrl. = negative control.
Phagocytosis Assays
Unstimulated, LPS-treated, or LPS and epinephrine-cotreated macrophages were incubated with pHrodo Green E. coli Bioparticles ® (1 mg/ml; Life Technologies) and incubated for 1 h (flow cytometry) or 1.5 h (confocal microscopy). For flow cytometric analysis, macrophages were washed and analyzed on a BD LSR-II flow cytometer equipped with FACSDiva software (both from BD Biosciences, San Jose, Calif., USA). Data was analyzed using FlowJo software (TreeStar, Ashland, Oreg., USA). More than 5 × 10 4 macrophages were analyzed from each sample. For confocal microscopic analysis, macrophages cultured on glass coverslips were washed and mounted on slides with ProLong Gold TM antifade reagent containing DAPI (Life Technologies). Slides were analyzed on a Nikon A-1 confocal system with Nikon Elements software. Digital monochromatic images were acquired under identical conditions and pseudocolored.
Lymphocyte Stimulation Assays
Macrophages (2 × 10 5 ) from BALB/c mice were stimulated for 1 h in the presence or absence of epinephrine (1 μ M ) and/or LPS (100 ng/ml). Cells were washed, and ovalbumin (150 μg/ml; Sigma) was added for 30 min prior to the addition of peripheral lymph node lymphocytes (5 × 10 5 ; 600 μl total volume) from DO11.10 transgenic mice. Cultures were incubated for 84 h and cell-free supernatants were analyzed by ELISA for the presence of IFN-γ and IL-4. Samples generated under the same conditions, but containing only macrophages, had <5 pg/ml IFN-γ and no detectable IL-4.
Endotoxemia Studies
Endotoxemia was performed via i.p. administration of LPS ( E. coli o111:B4) at 10 mg/kg of body weight or 20 mg/kg of body weight, depending on the experiment. ICI 118,551 was administered at a dose of 500 μg/mouse i.p. Plasma was harvested by Catecholamine-enhanced IL-10 production is mediated through the PI3K pathway. Macrophages were incubated with LPS (100 ng/ml) in the absence or copresence of epinephrine (1 μ M ). IL-10 levels in the culture supernatants after 4 h were determined by ELISA. Cells were pretreated with inhibitors for 30 min prior to stimulation. a Adenylate cyclase activity was inhibited with 2′5 ′ -DDA (20 μ M ) or SQ22536 (10 μ M ). b PKA activity was inhibited with PKA inhibitor 14-22 amide (5 μ M ). c PI3K activity was inhibited with various doses of wortmannin.
bleeding from the retro-orbital venous plexus under isoflurane anesthesia. For survival studies, mice were observed at least every 12 h for 7 days. For adoptive transfer studies, peritoneal macrophages were treated in vitro with LPS in the presence or absence of epinephrine for 1 h. Cells were harvested, washed, and adoptively transferred to mice (1 × 10 6 cells in 200 μl PBS i.p.). Four hours after the cell transfer, endotoxemia was performed (20 mg/ kg LPS i.p.).
Acute Lung injury LPS-induced ALI was performed as previously described [15] . Briefly, following anesthetization with ketamine, mice received 60 μg LPS ( E. coli o111:B4) intratracheally (i.t.) during inspiration in a volume of 30 μl saline. Sham ALI control mice received sterile saline. BALF was harvested via the slow instillation and retraction of 1 ml PBS. BALF was aliquoted and stored at -80 ° C until use. BALF neutrophils were enumerated on a hemocytometer following lysis of erythrocytes. For ICI 118,551 treatment, mice received 25 mg/kg i.p. 1 h before LPS and 6 ng i.t. during LPS instillation. Vehicle control mice received sterile saline.
Statistical Analysis
Data are expressed as means ± SEM. Data were analyzed using GraphPad Prism 6 graphing and statistical analysis software (GraphPad Inc., La Jolla, Calif., USA). Significant differences between multiple groups were determined by one-way ANOVA followed by Tukey's multiple comparisons test. Survival data were analyzed using log-rank (Mantel-Cox) tests. Where appropriate, significant differences between individual sample means were determined by Student's t test. p < 0.05 was considered statistically significant.
Results
Catecholamines Promote the M2 Macrophage Phenotype
Markers used to distinguish between M1 and M2 macrophages are the high expression levels of iNOS and arginase-1, respectively [4] . We determined the relative levels of iNOS and arginase-1 mRNA following macrophage treatment with LPS (100 ng/ml) in the absence or copresence of catecholamines (1 μ M ). Treatment with LPS alone induced an M1 phenotype including strong iNOS expression and modest levels of arginase-1 ( fig. 1 a) . However, the copresence of LPS and either catecholamine induced a strong M2 phenotype. Specifically, the level of iNOS mRNA was reduced by 75-81% upon treatment with LPS and either catecholamine compared to LPS alone ( fig. 1 a,  left) . Furthermore, the level of arginase-1 mRNA increased 8-to 14-fold with the copresence of catecholamines ( fig. 1 a, right) . Catecholamines in the absence of LPS did not modulate iNOS or arginase-1 (data not shown). Therefore, macrophages incubated with catecholamines in the presence of LPS displayed reduced iNOS expression and enhanced arginase-1 expression, a phenotype akin to M2 macrophages. The preferential secretion of IL-12 and IL-10 by M1 and M2 macrophages, respectively, helps define macrophage polarization phenotypes [10] . LPS-treated macrophages released high levels of the p40 subunit of IL-12 ( fig. 1 b, left) . Macrophages treated with LPS in the copresence of either catecholamine had significantly reduced levels of IL-12 p40 in the culture supernatant ( fig. 1 b, left) . Conversely, LPS-treated macrophages released low levels of IL-10 into the culture supernatant, but catecholamine and LPS cotreatment resulted in 5-to 6-fold higher levels of IL-10 ( fig. 1 b, right) . Therefore, in the presence of LPS and catecholamines, macrophages adopted a cytokine repertoire similar to M2 macrophages.
In general, M2 macrophages display greater phagocytic activity than M1 macrophages [17] [18] [19] . Untreated, LPS-treated, and LPS and epinephrine-cotreated macrophages all phagocytosed fluorescent bioparticles generated from E. coli ( fig. 1 c) . Qualitatively, macrophages treated with LPS in the copresence of epinephrine displayed higher levels of fluorescence intensity, indicating increased phagocytic activity ( fig. 1 c) . In order to quantitate this difference, bioparticle fluorescence was determined via flow cytometry. LPS-treated macrophages in the copresence of epinephrine had a 42% increase in phagocytic activity compared to LPS-treated cells ( fig. 1 d) .
M2 macrophages are known to promote Th2 type immune responses characterized by reduced IFN-γ secretion and enhanced IL-4 secretion by T cells [20] . During in vitro studies using DO11.10 transgenic lymphocytes (ovalbumin-specific T-cell receptor), macrophages treated with epinephrine (and cultured in the presence of ovalbumin) reduced IFN-γ secretion and enhanced IL-4 secretion by lymphocytes ( fig. 1 e) . This effect was independent of LPS stimulation ( fig. 1 e) . Therefore, epinephrine induced a shift towards a Th2 type immune response in vitro. Taken together, these results suggest that catecholamines induced a phenotypic switch from M1 (LPS-treated) to M2 (LPS/catecholamine-treated) macrophages.
LPS and Epinephrine Copresence Induces Regulatory
Macrophages M2 macrophages can be divided into alternatively activated and regulatory subtypes. Alternatively activated macrophages are identified by high expression levels of FIZZ, Ym1, and the mannose receptor (CD206) [1] . The determination of mRNA or surface protein levels of these markers did not change in the copresence of LPS and epinephrine ( fig. 2 a) , or with epinephrine treatment alone (data not shown), indicating that catecholamines do not induce alternatively activated macrophages.
Definitive markers for regulatory macrophages have not been established, but these macrophages are known producers of high levels of IL-10 [10] . Treatment of LPSactivated macrophages with catecholamines enhanced IL-10 production in a dose-dependent manner ( fig. 2 b) . The EC 50 for epinephrine and norepinephrine was 5 and 320 n M , respectively. The copresence of LPS and epinephrine had immediate and robust effects on IL-10 transcription ( fig. 2 c, left) and protein secretion into the culture supernatant ( fig. 2 c, right) . Treatment of cells with epinephrine or norepinephrine in the absence of LPS did not enhance the low basal level of IL-10 production (data not shown). Taken together, these results suggest that the copresence of LPS and catecholamines induced macrophage polarization towards the M2 regulatory macrophage phenotype.
Catecholamines Modulate LPS-Induced Macrophage
Cytokine Production M1 and M2 macrophages are known to produce different cytokine milieus [10] . In our studies, the treatment of macrophages with either epinephrine or norepinephrine, in the copresence of LPS, resulted in a significant shift from M1 (LPS only) to M2 (LPS + catecholamine) cytokine/chemokine production. Specifically, cotreatment of macrophages with LPS and either catecholamine (1 μ M ) reduced the production of TNF, macrophage inflammatory protein (MIP)-1α, keratinocyte chemoattractant [KC, chemokine (C-X-C motif) ligand 1 (CXCL1)], and MIP-2 (CXCL2) compared to LPS treatment alone ( table 1 ) . Catecholamines did not significantly affect the production of IL-6, but the production of granulocyte colony-stimulating factor (G-CSF) was greatly enhanced compared to LPS treatment alone ( table 1 ) . Importantly, catecholamine (10 -12 -10 -5 M ) neither enhanced nor inhibited the low baseline production of any cytokine in the absence of LPS (data not shown). Similar effects of catecholamines on LPS-induced cytokine production were observed when mouse bone marrow-derived macrophages or the MH-S cell line (sv40-transformed mouse alveolar macrophages) was used (data not shown). Furthermore, similar results were observed when other TLR agonists (TLR2, zymosan; TLR3, poly I:C) were used in lieu of LPS (data not shown). These results indicate that catecholamines modulated TLR-induced cytokine/chemokine production from macrophages, resulting in reduced inflammatory cytokine secretion.
Epinephrine Signals through the β 2 -Adrenergic Receptor
While all 5 adrenergic receptors (α 1 , α 2 , α 3 , β 1 , and β 2 ) can bind either catecholamine, they do so with different affinities and signaling properties. In addition, there can be major differences in adrenergic receptor expression depending on the cell type being used. We investigated which adrenergic receptor or receptors were responsible for the effects of epinephrine on macrophage cytokine production. We focused on epinephrine because the EC 50 was >50-fold higher than for norepinephrine ( fig. 2 b) . Adrenergic receptors were blocked using specific inhibitors prior to exposure to LPS in the presence or absence of epinephrine (1 μ M ). Results showed that blockade of the β 2 -adrenergic receptor with the specific β 2 -antagonist ICI 118,551 completely reversed the effects of epinephrine on IL-10 production ( fig. 3 a) . The other adrenergic receptor antagonists did not significantly affect epinephrine-enhanced IL-10 production ( fig. 3 a) .
Blockade of the β 2 -adrenergic receptor also inhibited changes in iNOS and arginase-1 expression. As in figure  1 , the copresence of LPS and epinephrine reduced iNOS expression and enhanced arginase-1 expression compared to LPS treatment alone ( fig. 3 b, black bars) . However, the presence of the specific β 2 -adrenergic receptor antagonist ICI 118,551 completely reversed the effects of epinephrine on the LPS-activated macrophage expression of iNOS and arginase-1 ( fig. 3 b) . Surprisingly, β 2 -adrenergic receptor blockade enhanced iNOS expression even in the absence of exogenous epinephrine ( fig. 3 b,  left) . This observation may be due to the endogenous production of catecholamines by macrophages [21] or the known inverse agonist (blockade of spontaneous receptor signaling) properties of ICI 118,551 [22] . Taken together, these results indicate that catecholamines promoted the M2 regulatory macrophage phenotype through the β 2 -adrenergic receptor.
Epinephrine Modulates Cytokine Production through the Phosphoinositide 3-Kinase
Pathway β 2 -Adrenergic receptor activation by catecholamines in many cell types results in the canonical signaling pathway involving the activation of adenylate cyclase, increased [cAMP]i, and the activation of protein kinase A (PKA). Therefore, we investigated whether macrophage β 2 -adrenergic receptor activation modulates cytokine production through the cAMP/PKA pathway. Macrophages were treated with LPS in the presence or absence of epinephrine and the adenylate cyclase inhibitor 2′5 ′ -DDA. Results showed that inhibition of adenylate cyclase did not reverse the effects of epinephrine on IL-10 pro- The levels of cytokines/chemokines (pg/ml) in culture supernatants were determined by ELISA. Data are representative of 3 independent experiments. Thioglycollate-elicited mouse peritoneal macrophages were treated for 4 h with LPS (100 ng/ml) in the presence or absence of epinephrine (1 μM) or Norepi. (1 μM). n.d. = Not detectable; Neg. Ctrl. = negative control.
* Differences between LPS and LPS + catecholamine groups were significant at p < 0.05. duction ( fig. 4 a, left) . Similar results were observed when another adenylate cyclase inhibitor, SQ22536, was used ( fig. 4 a, right) . Furthermore, specific inhibition of PKA (with PKA inhibitor 14-22 amide) in similar experiments did not reduce epinephrine-enhanced IL-10 production ( fig. 4 b) . Therefore, for macrophages, the canonical β 2 -adrenergic signaling pathway did not have a role in catecholamine-mediated alteration of IL-10 production. Given recent reports showing a role for phosphoinositide 3-kinase (PI3K) in β 2 -adrenergic receptor signaling [23, 24] , we investigated whether PI3K mediates the effects of β 2 -receptor activation in macrophages. In a dosedependent manner, inhibition of PI3K by wortmannin reversed the effects of epinephrine on IL-10 production ( fig. 4 c) . Inhibition of other common signaling pathways (e.g. mitogen-activated protein kinases) did not influence epinephrine-induced IL-10 modulation (data not shown). Taken together, these results suggest that β 2 -adrenergic receptor activation by epinephrine enhanced macrophage IL-10 production through the PI3K pathway.
β 2 -Adrenergic Receptor Activation by Endogenous Catecholamines Is Anti-Inflammatory during Acute Inflammation
Stimulation of the β 2 -adrenergic receptor by exogenous agonists has protective effects during acute inflammation in vivo [15] . However, the role of β 2 -adrenergic receptor activation by endogenous catecholamines during acute inflammatory reactions is not clear. Catecholamines are ubiquitous in vivo and are upregulated during inflammatory conditions [21] . Given our in vitro results, we hypothesized that blockade of β 2 -adrenergic receptors would enhance inflammation in vivo. We investigated the role of endogenous catecholamine-induced β 2 -adrenergic receptor activation in two models of acute inflammation in vivo: endotoxemia and ALI. During endotoxemia, administration of LPS (10 mg/kg i.p.) with the β 2 -antagonist ICI 118,551 (500 μg/mouse i.p.) resulted in 100% mortality while LPS alone resulted in only 30% mortality ( fig. 5 a) . In addition, β 2 -adrenergic receptor blockade during endotoxemia was associated with reduced levels of IL-10 found in plasma ( fig. 5 b) . Administration of ICI 118,551 will block β 2 -adrenergic receptors on a myriad of cell types, not just macrophages. Therefore, the increased mortality in this model may be due to the effects of ICI 118,551 on other cell types. To help determine whether catecholamine-induced regulatory macrophages had protective effects during endotoxemia, macrophages were treated with LPS in the presence or absence of epinephrine in vitro and then adoptively transferred to mice (1 × 10 6 cells per mouse i.p.) 4 h prior to the induction of lethal endotoxemia (20 mg/kg LPS i.p.). Results showed that mice that received macrophages pretreated with LPS and epinephrine were modestly protected from endotoxemia compared to unstimulated or LPStreated macrophages ( fig. 5 c) . Taken together, these results suggest that activation of the β 2 -adrenergic receptor by endogenous catecholamines is protective during endotoxemia. Furthermore, we demonstrated the protective effects of catecholamine-induced regulatory macrophages in this model.
To determine the role of the β 2 -adrenergic receptor in a different model of acute inflammation, ICI 118,551 was administered during LPS-induced ALI. Blockade of β 2 -adrenergic receptors resulted in a 2-fold increase in the albumin levels found in BALF, indicating amplified blood/alveolar barrier breakdown ( fig. 5 d) . The number of neutrophils in BALF was modestly increased by β 2 -adrenergic receptor blockade ( fig. 5 e) . Surprisingly, the low levels of IL-10 found in BALF were not changed by β 2 -adrenergic receptor blockade ( fig. 5 f) . However, the levels of TNF in BALF were modestly enhanced by β 2 -adrenergic receptor blockade ( fig. 5 g) . These patterns are consistent with our recent report showing that exogenous β 2 -adrenergic receptor agonists suppress the intensity of ALI [15] . Taken together, these results demonstrate that β 2 -adrenergic receptor activation by endogenous catecholamines is protective during acute inflammatory reactions.
Discussion
In this study, we demonstrated that catecholamines profoundly affect the macrophage phenotype through the β 2 -adrenergic receptor. Furthermore, β 2 -adrenergic receptor activation by endogenous catecholamines was shown to have a protective function during acute inflammation in vivo. Much is known about the modulatory effects of the adrenergic system on cytokine production. Early studies by van der Poll et al. [25] [26] [27] demonstrated that catecholamines inhibit the production of TNF, IL-6, and IL-1β in human whole blood models using high concentrations of catecholamines. In addition, several subsequent studies have shown that synthetic α-adrenergic receptor agonists enhance the LPS-induced production of TNF by macrophages, while β-adrenergic receptor agonists reduce TNF production [13] [14] [15] [16] . In this report, we extended these findings to demonstrate that catecholamine-induced activation of the β 2 -adrenergic receptor did not simply modify the production of a few inflammatory cytokines but rather modified the entire macrophage phenotype, resulting in an M2 regulatory macrophage phenotype. Evidence for this is the differential regulation of cytokines by catecholamines. Proinflammatory cytokines (TNF, IL-12, and CXCL chemokines) were downregulated by catecholamines while IL-10 and G-CSF were enhanced. Furthermore, catecholamines induced phenotypic changes consistent with the M2 phenotype, including enhanced phagocytosis, the promotion of Th2 type immune responses, and enhanced arginase-1 expression (summarized in fig. 6 ). Therefore, this study demonstrates for the first time that catecholamines promote the M2 regulatory macrophage phenotype through the β 2 -adrenergic receptor.
In addition to the cellular effects of catecholamines, we demonstrated a protective role for endogenous catecholamines during acute inflammation in vivo. Specifically, blockade of β 2 -adrenergic receptors by ICI 118,551 reduced survival during endotoxemia, which was associated with reduced levels of IL-10 in plasma. Adoptive transfer of a relatively small number of catecholamine-induced regulatory macrophages was protective during lethal endotoxemia. During ALI, blockade of β 2 -adrenergic receptors by ICI 118,551 enhanced the level of TNF found in BALF and exacerbated lung injury. However, previous studies using the same β 2 -antagonist reported no effect during ALI [21] . The differences in these studies may be due to the route (i.p. vs. i.p. and i.t.) and dose of the inhibitor. Due to this, the previous study may not have sufficiently blocked receptors in the alveolar compartment.
Importantly, blockade of α 2 -adrenergic receptors has been shown to reduce the injury severity during ALI [21, 28] . Therefore, it is apparent that α 2 -and β 2 -adrenergic receptors act in a complimentary manner. Since catecholamines can bind both receptors, the relative contributions of these receptors during inflammatory reactions in vivo need to be addressed in the future.
It is important to note that β 2 -adrenergic receptor blockade did not enhance IL-10 production during ALI. We have previously reported that alveolar macrophages respond to synthetic β 2 -agonists by enhancing the production of IL-10 in the presence of LPS [15] . Why we could not detect a difference in IL-10 presence in BALF when β 2 -adrenergic receptors were blocked was not entirely apparent. It is known that other cell types in the lung during ALI also produce IL-10 (e.g. alveolar type II epithelium [29] and neutrophils [30] ), which may mask any changes induced by β 2 -adrenergic receptor inhibition. In addition, the time point chosen for analysis (6 h after LPS instillation) may not be optimal to detect differences in the low levels of IL-10 that are produced during ALI. However, the anti-inflammatory properties of endogenous catecholamine-induced β 2 -receptor activation during ALI were clear, as evidenced by increased TNF production, increased neutrophil infiltration, and increased epithelial/endothelial barrier breakdown in the presence of the β 2 -receptor inhibitor.
It is known that sustained PI3K activity is necessary for M2 activation in response to IL-4 [31, 32] . Indeed, PI3K is essential in driving arginase-1 expression [33, 34] . Here, we demonstrated that the M2 phenotype induced by β 2 -adrenergic receptor activation also requires PI3K, in agreement with these reports. It is important to note that characterization of the catecholamine-induced regulatory M2 macrophage phenotype may be overly simplistic. Indeed, the M2 phenotype encompasses a full spectrum of activated macrophage phenotypes [1] . Based on the evidence in this report, we propose that catecholamines primarily promote the regulatory macrophage phenotype, characterized by high levels of IL-10 production. The regulatory macrophage phenotype requires 2 stimuli for efficient IL-10 release in vitro. The first signal (e.g. prostaglandins) often has no stimulatory ability by itself [35, 36] . However, when the initial signal is combined with TLR agonism it results in the synthesis of high levels of IL-10, the robust production of which may be the most reliable marker for regulatory macrophages [1, 12] . Here, we showed that this 'recipe' for high IL-10 production holds true for catecholamines. Stress responses (e.g. glucocorticoids) can affect several macrophage functions including inhibition of the transcription of proinflammatory mediators [37] . The resulting macrophages are often of the regulatory type, which can skew T cell responses toward Th2, induce regulatory T cells, or fail to present antigen to T cells altogether [1, 38] . Here, we showed that catecholamines act as inducers of regulatory macrophages. Robust levels of glucocorticoids and catecholamines are released during periods of high immunological stress, like during sepsis [39] . Therefore, the resulting regulatory macrophages, and the high levels of IL-10 they produce, can render the host prone to infection. Conversely, regulatory macrophages can dampen vigorous but damaging inflammation. Therefore, modulation of the adrenergic system may be an important therapeutic route for enhancing protection against pathogens, or protecting the host from overly robust inflammatory responses. However, it is important to note that there is not a single stimulus that influences macrophage phenotypes in vivo. Instead, many different stimuli, including TLR agonists, IFN-γ, glucocorticoids, prostaglandins, etc., all contribute to the resulting phenotype of the activated macrophage. This diversity of signals is what generates the ability for fine-tuning of the resulting macrophage functions and products.
In summary, we report a novel function of the β 2 -adrenergic receptor on macrophages. Specifically, activation of the β 2 -adrenergic receptor by catecholamines induced regulatory M2 macrophages through the PI3K pathway. These IL-10-producing macrophages express high levels of arginase-1 mRNA, display enhanced phagocytosis, and skew T cell responses towards Th2. In addition, β 2 -adrenergic receptor blockade in vivo was detrimental in models of systemic and localized acute inflammation, thus demonstrating a protective role for endogenous catecholamine-induced β 2 -adrenergic receptor activation in vivo.
